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ABSTRACT
Star-forming and starburst galaxies are considered as one of the viable candidate sources of the
high-energy cosmic neutrino background detected in IceCube. We revisit contributions of supernova
remnants (SNRs) and hypernova remnants (HNRs) in such galaxies to the diffuse high-energy neutrino
and gamma-ray backgrounds, in light of the latest Fermi data above 50 GeV. We also take into account
possible time dependent effects of the cosmic-ray (CR) acceleration during the SNR evolution. CRs
accelerated by the SNR shocks can produce high-energy neutrinos up to ∼ 100 TeV energies, but CRs
from HNRs can extend the spectrum up to PeV energies. We show that, only if HNRs are dominant
over SNRs, the diffuse neutrino background above 100 TeV can be explained without contradicting
the gamma-ray data. However, the neutrino data around 30 TeV remain unexplained, which might
suggest a different population of gamma-ray dark CR sources. We also consider possible contributions
of Pop-III HNRs up to z . 10, and show that they are not constrained by the gamma-ray data,
and thus could contribute to the diffuse high-energy backgrounds if their explosion energy reaches
EPOP−III ∼ a few × 10
53 erg. More conservatively, our results suggest that the explosion energy of
POP-III HNRs is EPOP−III . 7× 10
53 erg.
Subject headings: supernova remnants, neutrinos, diffuse gamma-rays
1. INTRODUCTION
During last few years the IceCube experiment has de-
tected tens of high-energy astrophysical neutrinos from
10 TeV to a few PeV (Aartsen et al. 2013a,b, 2015). This
outstanding observation result has led to a wide debate
about the origin of these neutrinos, (e.g., Me´sza´ros 2014;
Murase 2015). Among various source models, the most
commonly discussed are SNRs (like W49B (Lopez et al.
2013; Gonza´lez-Casanova et al. 2014)) in star-forming
galaxies (SFGs) and starbursts galaxies (SBGs) (e.g.,
Loeb & Waxman 2006; Murase et al. 2013; Liu et al.
2014; Tamborra et al. 2014; Anchorodoqui et al. 2014;
Chang & Wang 2014, 2015; Senno et al. 2015), which
are good cosmic-ray (CR) reservoirs and can produce
neutrinos via pp interactions. At the same time, this
interaction will produce a certain amount of gamma-
rays and contribute to the extragalactic gamma-ray
background (EGB), and a common origin of the dif-
fuse backgrounds has been suggested (Murase et al.
2013). Other possible astrophysical sources which
can contribute to the IceCube neutrino flux include
gamma-ray bursts (GRBs) (Waxman & Bahcall 1997;
Me´sza´ros & Waxman 2001; Murase 2008; Wang & Dai
2009; Bustamante et al. 2015; Xiao & Dai 2014, 2015;
Tamborra & Ando 2016), low-luminosity GRBs or
trans-relativistic supernovae (SNe) (Murase et al. 2006;
Gupta & Zhang 2007; Murase & Ioka 2013; Senno et al.
2016), active galactic nuclei (Stecker et al. 1991;
Alvarez-Mun˜iz & Me´sza´ros 2004; Anchorodoqui et al.
2008; Stecker 2013; Murase et al. 2014; Dermer et al.
2014; Petropoulou et al. 2015), galaxy clusters
and groups (Murase et al. 2008), newborn pulsars
(Murase et al. 2009; Fang et al. 2014). Alternatively,
there are also arguments about a possible Galactic
contribution (e.g., Fox et al. 2013; Ahlers & Murase
2014; Taylor et al. 2014; Neronov & Semikoz 2016).
On the other hand, the Fermi-LAT instrument has
measured the EGB in the energy range from 0.1 to
820 GeV (Ackermann et al. 2015). New studies of the
blazar flux distribution at gamma-ray energies above 50
GeV have shown that most of the EGB flux should be
contributed by blazars, at a percentage level 86+16
−14%
(Bechtol et al. 2015; Fermi Collaboration 2016). This
means that the diffuse gamma-ray flux from other
sources cannot exceed the residual non-blazar compo-
nent, which puts a strong constraint on the SBG sce-
nario (Murase et al. 2013). Murase et al. (2016) found
that SBGs cannot explain the IceCube data below 100
TeV especially if the above constraint on the non-blazar
component is taken into account. More quantitatively,
Bechtol et al. (2015) argued, from the known branching
ratio between charged and neutral pion production, that
the gamma-ray emission of SBGs explaining the IceCube
data would be well beyond 14%, so these observational
results would be in strong tension with the SBG sce-
nario. Interestingly, similar results are also found by the
gamma-ray anisotropy data (Ando et al. 2015).
In this work, we argue that if we attribute, as is com-
mon, the production of CRs in SBGs to SNRs, then tak-
ing into account the time-behavior of the SNR evolution,
and taking into account also a contribution from very-
high-redshift SNRs in a Pop-III component, it is possi-
ble to reduce the portion of the EGB which is in tension
with Fermi, so that SBGs could contribute a potentially
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interesting fraction of the IceCube neutrino flux.
We assume that the neutrinos are mainly produced
at the end of the free expansion and during the Sedov-
Taylor phase of the SNR, in which the maximum CR en-
ergy and maximum neutrino energy naturally decreases
with time due to a decreasing expansion velocity and
magnetic field in the shock. For the accompanying γ-
rays, after the γγ cascade process, this also translates
into a different “elbow” of the EGB.
The total CR energy injection rate during the evolu-
tion may be uncertain, and here we parametrize it as
a simple universal power law in time during the Sedov
phase, LCR ∝ t
α, with α ranging from zero to negative
values. We then discuss the impact of α on the final neu-
trino and gamma-ray spectrum. We found that negative
values of α are more favorable from the point of view
of attributing a significant fraction of the neutrino and
gamma-ray background to SNRs, including both normal
HNe and SNe, as discussed below. Conversely, an appre-
ciable contribution of SBG SNRs to these backgrounds
would have implications for the acceptable values of α,
and thus for the CR production efficiency as a function
of the SNR dynamics.
One main difference between our paper and previous
work is that we allow for a wider range of HN ejecta ener-
gies, and we allow for the different CR maximum energy
and flux contribution at different stages of the SNR ex-
pansion. The other, more significant major difference is
that we allow for a Pop-III population of SNRs, with a
comparable cosmic ray acceleration efficiency and com-
parable or larger kinetic energy as those attributed to
z . 4 SNRs and HNRs.
This paper is organized as follows. We introduce the
model and method of calculation in Section 2. Then
section 3 presents our results showing the combined fits
of our model compared with the IceCube and Fermi EGB
data. The implications of the results are presented in
Section 4.
2. MODEL AND METHOD OF CALCULATION
2.1. Sedov-Taylor Phase of Supernova Remnant
After the early free expansion, the evolution of a
SNR enters the Sedov-Taylor self-similar expansion phase
(Sedov 1959; Taylor 1950). The ejected remnant shell
collides with and sweeps up the ambient medium, form-
ing a shock which can accelerate CRs that subsequently,
via pp collisions, produce high energy neutrinos and γ-
rays. We take the beginning of the Sedov-Taylor phase
as the onset time for CR acceleration and secondary neu-
trino and γ-ray production. This occurs at a time
t0 =
Rdec
vej
=
(3Mej/4πmpn0)
1/3
(2ESN/Mej)1/2
≃ 1.4× 103E
−1/2
SN,51n
−1/3
0,0 M
5/6
ej,1 yr (1)
after the initial explosion. The ending time of the
Sedov-Taylor phase tend occurs when the adiabatic ex-
pansion approximation is no longer true, and this is
determined by equating the cooling time of the post-
shock region with the SNR dynamic time. The gas
cooling function has been evaluated in detail by (e.g.
Sutherland & Dopita 1993), and has been adopted in our
calculation to solve for tend as a function of different sets
of parameters.
We take the usual time dependence of the ra-
dius and the shock velocity in the Sedov-Taylor
phase R = (25ESN/4πmpn0)
1/5t2/5 and v =
(2/5)(25ESN/4πmpn0)
1/5t−3/5 (Sedov 1959; Taylor 1950;
Ramirez-Ruiz & MacFadyen 2010), and the commonly
used estimate for the post-shock magnetic field B =
(9πǫBmpn0v
2)1/2 where ǫB ≤ 1 is the ratio of the post-
shock magnetic to thermal energy. In this work, we will
assume the CR component to be pure protons. Then, for
diffusive shock acceleration, the maximum proton energy
is estimated by equating the local acceleration time to the
dynamical time (the cooling timescale for pp collisions
and synchrotron losses being much longer than the dy-
namical timescale, e.g. Senno et al. (2015)), which gives
(20ǫp,maxc/3eB) = Rv (Drury 2011). Thus, in the Sedov-
Taylor phase the maximum CR energy also depends on
time,
ǫp,max = 1.58× 10
6ESN,51n
1/6
0,0M
−2/3
ej,1 ǫ
1/2
B,−2(t/t0)
−4/5 GeV(2)
2.2. Energy injection into CRs
In the free expansion phase, for an external density
ρ = constant, as long as the swept-up mass is small the
velocity v ≃ constant and the radius grows as R ∝ t.
The rate at which mass is swept and is shock-heated is
M˙ ∝ R2ρv ∝ R2 ∝ t2, and the bolometric luminos-
ity that can go into CRs grows as L ∝ M˙ ∝ t2. The
equipartition post-shock field behaves as B ∝ v ∝ con-
stant, and the shock strength is also constant. Thus, at
the simplest level one expects the CR bolometric lumi-
nosity to grow as LCR ∝ t
2. In the Sedov phase, on
the other hand, R ∝ t2/5 and v ∝ t−3/5 so one expects
M˙ ∝ t1/5, while B ∝ v ∝ t−3/5, and with decreasing ve-
locity the shock strength decreases. Thus, one does not
expect a positive proportionality between M˙ and LCR
but instead a decrease of LCR can be expected. The SN
ejecta begins to slow down at t0 when it has swept up an
amount of external mass comparable to that of the ejecta
shell, marking the beginning of the Sedov-Taylor phase,
when the cosmic ray acceleration is expected to peak.
The details of the continued CR injection as the blast
wave slows down in the Sedov-Taylor phase are model-
dependent, and here we shall parametrize it as
LCR(t) = A(t/t0)
α, (3)
where A is a normalization factor determined by∫ tend
t0
LCRdt = ηESN. Here η ∼ 0.1 is the CR acceleration
efficiency (Caprioli et al. 2015). According to equation
(3), at different stages of the Sedov-Taylor phase, the en-
ergy injection rate into CRs will be different. The value
α = −1 is a nominal steady injection case (Ohira et al.
2010). Because of the very fast growth LCR ∝ t
2 in
the initial free expansion phase, for simplicity we ne-
glect contributions from this phase. We shall assume
the shock-accelerated proton spectrum to be a power law
dNp/dǫp ∝ ǫ
−p
p with index p = 2, so at time t, the proton
spectrum being written as:
ǫpLǫp(t) =
{
LCR(t)
C
if ǫp ≤ ǫp,max(t)
LCR(t)
C
e−ǫp/ǫp,max if ǫp > ǫp,max(t)
(4)
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where C = ln (ǫp,max/ǫp,min)
2.3. Diffuse Neutrino and Gamma-ray Fluxes
Hypernovae (HNe) are a sub-type of supernovae
(SNe) which are more energetic but relatively rarer.
Recent studies indicate that the total rate of all
core-collapse supernovae (CCSNe) is RCCSNe =
(1.06±0.11(stat)±0.15(sys))×10−4(h0/0.7)
3Mpc−3yr−1
(Taylor et al. 2014). For typical HNe, the kinetic en-
ergy is of order 1052−53erg, with a typical rate RHNe ≤
4%RCCSNe (Guetta & Della Valle 2007; Arcavi et al.
2010; Senno et al. 2015), but with substantial uncer-
tainties. HNe have been discussed as possible sources
for high-energy cosmic rays (Dermer 2002; Sveshnikova
2003; Wang et al. 2007; Ioka & Me´sza´ros 2010). Due to
larger kinetic energy, HNe can lead to larger maximum
proton energies and will dominate the neutrino flux at
PeV energies.
The total local CR energy budget is
ǫpQǫp(z = 0)=RSNe
∫ tend,SNe
t0,SNe
ǫpL
SNe
ǫp (t)dt
+RHNe
∫ tend,HNe
t0,HNe
ǫpL
HNe
ǫp (t)dt (5)
and the cosmological evolution of sources can be ex-
pressed as ǫpQǫp(z) = ǫpQǫp(z = 0)S(z), in which
the evolution term is S(z) = [(1 + z)−34 + ( 1+z5000 )
3 +
(1+z9 )
35]−0.1 (Hopkins & Beacom 2006; Yu¨ksel et al.
2008). In this work, the typical neutrino energy is ap-
proximated to be Eν ∼ 0.05ǫp/(1 + z).
The diffuse neutrino flux per flavor is calcu-
lated as (e.g., Murase et al. 2013; Senno et al. 2015;
Bechtol et al. 2015; Murase et al. 2016)
E2νΦνi =
c
4πH0
∫ zmax
0
min[1, fpp]
6
(6)
×
ǫpQǫp(z = 0)S(z)
(1 + z)2
√
ΩM (1 + z)3 +ΩΛ
dz
where zmax = 4, the cosmology parameters are H0 =
67.8 km s−1Mpc−1,ΩM = 0.308 (Plank Collaboration
2015) and fpp = n¯κσppc · min[tdiff , tadv]. Here the dif-
fusive escape timescale of CRs from the host galaxy is
tdiff = h
2/4D, where h is the galaxy scale-height, the dif-
fusion coefficient is D(ǫp) = Dc[(ǫp/ǫp,c)
1/3 + (ǫp/ǫp,c)
2]
and the timescale of advective escape is tadv = h/Vw. We
use the values of h = 1021cm, Dc ∼ 3.1 × 10
29cm2 s−1,
ǫp,c ∼ 9.3 × 10
9GeV, Vw = 1500km s
−1, B = 4mG, n¯ =
100cm−3 for SBGs (Strickland & Heckman 2009) and
h = 1kpc, Dc ∼ 3.1× 10
29cm2 s−1, ǫp,c ∼ 9.3× 10
6GeV,
Vw = 500km s
−1, B = 1µG, n¯ = 1cm−3 for SFGs
(Keeney et al. 2006; Crocker 2012). We assume a star-
burst fraction of ξSBG = 0.1 (Tamborra et al. 2014).
Note that the upstream magnetic field of SBGs can be
stronger than in the usual ISM due to the superbubble
structure. Also, the upstream field amplification by CRs
may be expected (Beresnyak et al. 2009). A further con-
tribution to fpp from diffusion in the host galaxy cluster
is considered in Senno et al. (2015).
Based on the standard branching ratio between
charged and neutral pion production of pp interaction,
the gamma-ray flux can initially be related to the neu-
trino flux through E2γΦγ = 2E
2
νΦν |ǫν=0.5ǫγ . However,
once they are produced, high energy gamma-rays un-
dergo γγ interactions. The main target soft photons
are from the extragalactic background light (EBL) (e.g.,
Salamon & Stecker 1998; Dai & Lu 2002; Dai et al. 2002;
Murase et al. 2012). The optical depth for gamma-rays
depends on their energy ǫγ , as well as on redshift, be-
cause the EBL intensity varies at different z (Finke et al.
2010). We can set τγγ(Eγ , z) = 1 to get the cut-off en-
ergy Ecutγ . Beyond E
cut
γ , electromagnetic cascade de-
velops, and the resulting spectrum has a universal form
(Berezinskii & Smirnov 1975; Murase et al. 2012),
Eγ
dNγ
dEγ
∝
{
(
Eγ
Ebrγ
)−1/2 if Eγ ≤ E
br
γ
(
Eγ
Ebrγ
)−1 if Ebrγ < Eγ ≤ E
cut
γ
(7)
where Ebrγ = 0.0085(1+z)
2(
Ecutγ
100GeV )
2 (Senno et al. 2015).
The normalization is determined by integrating the
gamma-ray flux over Ecutγ .
Below Ecutγ , the gamma-ray intensity is attenuated by
a factor e−τγγ . This is calculated similarly to the diffuse
neutrino flux, with a typical energy Eγ ∼ 0.1ǫp/(1 + z),
E2γΦγ =
c
4πH0
∫ zmax
0
min[1, fpp]
3
(8)
×
ǫpQǫp(z = 0)S(z)
(1 + z)2
√
ΩM (1 + z)3 +ΩΛ
e−τγγ(Eγ ,z)dz
The final diffuse gamma-ray flux is the sum of these two
components.
3. RESULTS
3.1. The z . 4 contribution
Here we use the above discussed values of the lumi-
nosity functions, the EBL density and other parameters
which are commonly used for redshifts z . 4. Figure 1
shows a combined fit of the diffuse gamma-ray and neu-
trino flux for the nominal case of α = −1 in eq. (3). We
use this nominal value to delimit the physically expected
range of α . 0.5. The IceCube neutrino and Fermi-LAT
extragalactic gamma-ray background (EGB) observation
are shown by the blue and red data points respectively.
The black solid line is the predicted total diffuse neutrino
flux and the red solid line represents the gamma-ray flux.
The black dashed and dotted line represent the contri-
bution to the neutrino flux from SNe and HNe respec-
tively. We can see that HNe dominate the PeV neutrino
flux, while SNe only contribute up to sub-PeV neutrino
energies. However, this case based on the conventional
assumptions cannot explain the IceCube data, suggest-
ing that the HN rate would need to be enhanced to ex-
plain the neutrino data. This difficulty in getting a good
combined ν, γ fit for this conventional case is compatible
with the independent generic arguments of Bechtol et al.
(2015) against SBGs being the dominant sources of Ice-
Cube neutrinos.
Obviously, we would expect to increase the fraction of
HNe contribution because they can achieve higher CR
energies. Figure 2 shows what happens if we increase
the HNe kinetic energy to 1052.5erg. The blue solid line
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Fig. 1.— Combined fit of diffuse neutrino flux and gamma-ray
flux for the case α = −1 for the conventional case. The Ice-
Cube neutrino and the Fermi-LAT extragalactic gamma-ray back-
ground observations are shown by blue and red data points re-
spectively (Ackermann et al. 2015; Aartsen et al. 2015). The cyan
area shows the allowed region for the non-blazar gamma-ray flux
in Fermi Collaboration (2016) and the best-fit 14% residual of the
Fermi EGB is marked by the purple solid line. Black dashed and
dotted lines represent the calculated contribution to the neutrino
flux from SNe and HNe respectively, from the range z ≤ 4. The
black solid line is the predicted total diffuse neutrino flux and
the red solid line is the predicted gamma-ray flux. The main
parameters are ESNe = 5 × 10
50erg, EHNe = 10
52erg, η = 0.1,
n0 = 1cm−3,RHNe = 3%RCCSNe. The SBG magnetic field is set
to B = 1 mG.
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Fig. 2.— The same as Figure 1 but with EHNe = 10
52.5erg. The
blue solid line is the total neutrino flux, which is the sum of SNe
(blue dashed line) and HNe (blue dotted line) contributions. The
green solid line is the diffuse gamma-ray flux in this case. The SBG
magnetic field is set to B = 4 mG. Black lines show the neutrino
spectrum for a EHNe = 10
52erg case for comparison (SNe-black
dashed, HNe-black dotted, total-black solid), while the red solid
line is the corresponding diffuse gamma-ray flux.
is the diffuse neutrino flux, which satisfies the observa-
tions better now, although it is still below the 1σ range
of the last data point. The SN contribution is the blue
dashed line and the HN are the blue dotted line. Except
for EHNe, all other parameters are the same for the black
lines in this figure. The corresponding gamma-ray flux
is the green solid line, which is still in the allowed range.
In this case, the ratio between the HNe and SNe con-
tribution is ζ ≡ ηEHNRHNηESNRSN =
1052.5×3%
5×1050×97% ∼ 2, compared
to ζ ∼ 0.6 for the EHN = 10
52erg case. We can draw a
rough conclusion that ζ & 1 is needed for a good fit.
In addition, we consider more realistic cases where
LCR ∝ t
α, for various α. We plot the combined fits for
different values of α in Figure 3. The neutrino spectrum
shape is seen to depend on α. Looking at the results for
α = 0 and for positive values α = 1, 2 (although the pos-
itive values are unlikely to occur) we see that all three
neutrino spectral curves decrease sharply at the high en-
ergy end, undershooting the data. One way to address
this might be to increase the rate of HNe (or to choose
a very large SBG fraction ξSBG), thus increasing the en-
ergy input of HNe so as to reach the IceCube data, but
this inevitably gives rise to an increased gamma-ray flux
which would overshoot the Fermi data. However, for the
physically more reasonable negative α values, the neu-
trino spectrum is “flatter” (since at later times in the
HN evolution both the maximum energy and the flux
decrease) and more energy is evident in the flux at the
high energy end, so we do not need such a high fraction
of HNe as before. We can see that the last IceCube data
point is reachable for α = −2 and α = −3 using a quite
conservative HN fraction RHNe = 3%RCCSNe. Clearly,
negative values of α are more favorable from an observa-
tional point of view.
Generally, the parameter space gets larger for smaller
α. The major parameters that we can adjust in our
fits include the SBG upstream magnetic field; the ki-
netic energies ESN, EHN; the pre-shock medium num-
ber density n0; the HNe fraction RHN; and the CR
acceleration efficiency η. The nominal values used
here are in the observationally reasonable range, e.g.
B = 4mG (e.g. Thompson et al. 2006; Robishaw et al.
2008; Beck 2016), ESN ∼ 10
50−51erg, EHN ∼ 10
52−53erg
(e.g. Iwamoto et al. 1998; Mazzali et al. 2003), n0 ∼
1 cm−3 (Draine & Woods 1991; Chevalier & Claes 2001;
Koo et al. 2007; Fox et al. 2011), RHNe ≤ 0.04RCCSNe
(Guetta & Della Valle 2007; Arcavi et al. 2010) and η <
1 (physically required). For illustration, Figure 4 shows
what happens if we change the SBG upstream magnetic
field. A stronger field helps to explain the observations.
The key issue here is that we wish to achieve higher max-
imum proton energies in order to account for PeV neu-
trino flux.
Alternatively, given the contribution of other sources
such as blazars to the Fermi gamma-ray background
(Bechtol et al. 2015; Fermi Collaboration 2016), we can
provide limits on the SNR contributions to the neutrino
flux. If we normalize the gamma-ray flux to the best-fit
14% of the total EGB, we find that for our nominal pa-
rameters the corresponding diffuse neutrino flux is about
50% of the observed value, provided that we choose not
to satisfy the ∼ 30 TeV neutrino data point, which how-
ever has small error bars. If this data point has a different
physical origin than the higher energy data points, SBGs
may still contribute a potentially interesting fraction of
the & 100 TeV IceCube neutrino flux.
One may wonder whether very-high-energy
gamma-rays may be attenuated inside SFGs and
SBGs. This could happen above ∼ 10 TeV ener-
gies (Lacki & Thompson 2013; Murase et al. 2013;
Chang & Wang 2014). However, this would not change
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Fig. 3.— Combined fits of diffuse neutrino flux and gamma-ray
flux for z ≤ 4 and different values of the SNR evolution parameter
α of equation (3). The IceCube and Fermi-LAT EGB observations
are shown by blue and red data points respectively. All parameters
are the same as in Figure 2, with predicted neutrino fluxes and
gamma-ray fluxes shown by different sets of lines for different α.
The values for α = −3 are the black solid line and red solid line;
α = −2 are the black dashed line and red dashed line; α = −1 are
black dotted line and red dotted line; α = 0 are blue solid line and
green solid line. For completeness, we also show cases for positive
α: α = 1 are blue dashed line and green dashed line; α = 2 are
blue dotted line and green dotted line.
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Fig. 4.— The dependence of neutrino flux on the SBG upstream
magnetic field, for z ≤ 4. We choose the α = −1 case as an
example. The dashed line is for B = 4mG, while the solid line is
for B = 10mG (optimistic) and the dotted line is for B = 1mG.
the results essentially. The synchrotron losses of the
cascade electron-positron pairs leads to a reduction in
the diffuse gamma-ray flux. However, gamma-rays in
the 0.1-10 TeV range remain unattenuated in the sources
and will be injected into intergalactic cascades. Also,
electron-positron pairs including the contribution from
muon decays as well as primary electrons produce some
gamma-rays, which can make the constraints tighter
(Lacki et al. 2014).
3.2. A possible Pop-III contribution at 4 . z . 10
An interesting but more uncertain contribution to the
diffuse neutrino and gamma-ray background can be ex-
pected from the Pop-III star formation occurring at high
redshifts (e.g. Umeda & Nomoto 2003; Iwamoto et al.
2005). For these epochs, besides the increased red-
shift of the received photons, also (other things being
equal) the (1 + z)
3
increase of the proper densities af-
fects the γγ interaction and the gamma-ray attenua-
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Fig. 5.— Possible contribution from Pop-III HNRs with 4 ≤ z ≤
10 by themselves. Black and green lines represent the predicted
diffuse neutrino and gamma-ray fluxes respectively. For the solid
lines the efficiency η is 0.1 and the kinetic energy is Ekin = 10
52.5
erg. For the dotted-dashed lines, the value of ηEkin (i.e. the flux)
is multiplied by a factor 25. These dotted-dashed lines serve as an
upper bound for the Pop-III contribution.
tion. Pop-III stars are extremely metal-poor and can
be very massive (e.g. Abel et al. 2002; Hosokawa et al.
2011; Whalen et al. 2013; Yang et al. 2015). They may
end their life as HN explosions, Ekin = 10
51−53erg (e.g.
Chen 2014; Tominaga et al. 2014; Toma et al. 2016), and
such Pop-III SNe, including jet-driven SNe and GRBs,
are also expected to accelerate CRs and produce neutri-
nos (Schneider et al. 2002; Iocco et al. 2008; Gao et al.
2011; Berezinsky & Blasi 2012).
The theoretical uncertainties for this Pop-III epoch
are significant, but we can use assume reasonable HN
parameters used in the literature for illustrative pur-
poses. For instance, the Pop-III star formation rate
is under debate (Wise & Abel 2005; Bromm & Loeb
2006; Trenti & Stiavelli 2009; de Souza et al. 2011;
Wise et al. 2012) and can be 10 − 100 times smaller
(Trenti & Stiavelli 2009; Wise et al. 2012). Here, we
use the HN explosion parameters of Chen (2014);
Tominaga et al. (2014) and the EBL model and the up-
per Pop-III model given in Inoue et al. (2013), with a
typical HN kinetic energy of Ekin = 10
52.5 erg and an ex-
ternal gas density n0 = 10
3 cm−3, the latter value being
compatible with gas densities inferred from the z ∼ 6.3
GRB afterglow analysis of Gou et al. (2007). Neglecting
at first entirely the contribution of SNe and HNe at z ≤ 4,
we plot in Figure 5 the contribution of only these Pop-III
HNe to the neutrino and gamma-ray flux received form
the redshift range 4 ≤ z ≤ 10, using the α = −1 case as
an example.
From this figure 5 it is seen that such Pop-III HNe
would likely make only a minor contribution to the dif-
fuse neutrino flux. However, if the explosion energy is
larger, EPOP−III ∼ 10
53 erg, these POP-III HNe by them-
selves may be able to fit the neutrino data well, with-
out violating the Fermi-LAT 14% residual background.
Actually, there is still a larger parameter space for this
fitting, as evidenced by the upper bound shown in Fig-
ure 5, making Pop-III stars more interesting sources for
the present purposes. Alternatively, our results sug-
gest that their explosion energy is limited to EPOP−III .
7× 1053 erg.
Based on this Pop-III model, we also explore the in-
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Fig. 6.— Same as Figure 5 but with a CR spectrum index p = 2.2.
For the solid lines the efficiency η = 0.1 and Ekin = 10
52.5 erg, while
for the dotted-dashed lines, ηEkin (i.e. the flux) is multiplied by a
factor 20.
fluence that the initial CR spectral index p has on the
results. Figure 6 shows the case p = 2.2. Solid lines are
for η = 0.1 and dashed lines are for an enhancement by
a factor of 20, while other parameters remain unchanged
from Figure 5. We see that at high energies the upper
bound is lower than that of the p = 2 case. This means
that for p = 2.2, under the same constraint given by
Fermi-LAT, less neutrino flux can be attributed to the
Pop-III stars. From this point of view, the smaller p
are more favorable. We can give a rough constraint of
p ≤ 2.2.
Of course there is no reason to assume that only Pop-
III HNRs contribute neutrinos in the IceCube energy
range, so a more realistic scenario would involve at least
two components contributing to the neutrino flux, one
being the standard SNe and HNe in the usual redshift
range z ≤ 4, and the other being the Pop-III HNe in the
4 ≤ z ≤ 10 range. The occurrence rates in the lower red-
shift range are observationally better constrained than
for the Pop-III component, but the ratio between the
two has large uncertainties. Since E2νΦνi ∝ ηER, the
ratio between the Pop-III and Pop-I/II CR contribution
can be written as
(E2νΦνi)III
(E2νΦνi)I/II
=
ηEHNRIII(z¯III)
ηESN0.97RI/II(z¯I/II) + ηEHN0.03RI/II(z¯I/II)
×
(1 + z¯I/II)
2
√
ΩM (1 + z¯I/II)3 +ΩΛ
(1 + z¯III)2
√
ΩM (1 + z¯III)3 +ΩΛ
f IIIpp
f
I/II
pp
. (9)
Here, as seen also from Fig. 8, the first term is ∼ 0.3,
where the typical redshifts of POP I/II and POP III
remnants are z¯I/II ∼ 1 and z¯III ∼ 5, respectively. The
second term gives ∼ 0.02 and the last term is ∼ 20, lead-
ing to the ratio is ∼ 0.1. The star formation rate will
be lower for Pop-III than it is at low redshifts. On the
other hand, ηER(z) could be substantially larger due to
a plausibly larger kinetic energy. Thus, introducing this
Pop-III contribution potentially allows one to produce a
fraction approaching unity of the low and high redshift
IceCube neutrino flux, without violating the Fermi resid-
ual gamma-ray background. An example with these two
components is shown in Figure 7, where the Pop-III/Pop-
I/II efficiency is set to the same η = 0.1. We can see that
Pop-III HNe can contribute an interesting fraction to the
diffuse neutrino flux, providing a good argument in favor
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Fig. 7.— An example for two component (low and high redshift)
contribution. Black and green solid lines represent the total diffuse
neutrino flux and gamma-ray flux, while the dashed lines are the
z ≤ 4 SNe/HNe and the dotted lines are the Pop. III SNe. The CR
contribution of the Pop. III is instrumental in making this fit more
complete and reasonable, with a fiducial CR efficiency η = 0.1 for
both populations.
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Fig. 8.— The redshift evolution of the CR input power ηER(z)
for SNe (blue solid), HNe (green solid) and Pop-III HNe (red solid),
assuming η = 0.1. Dashed lines are the total power ǫpQǫp .
of SBG scenario.
Figure 8 shows the CR input power ǫpQǫp versus red-
shift for this fit, the Pop-III being subdominant (red solid
line). However, with a higher density n¯, an fpp = 1
(at the low energy end) is obtained for Pop-III, while
fpp ∼ 0.3 for SBGs and fpp ∼ 0.03 for SFGs, which com-
pensates for the lower star formation rates of POP-III
stars. (Note that the assumed energy injection might be
optimistic because of the uncertainty in fpp and ξSBG.)
4. DISCUSSION AND CONCLUSIONS
In this work we have considered the possible contribu-
tion of standard core collapse supernovae and hypernovae
to the observed IceCube diffuse neutrino background, in-
cluding two aspects which, to our knowledge, have not
been previously considered in the literature. One of
these aspects is the time history of the SNR evolution,
which affects the effective total cosmic ray spectral out-
put. Considering the contribution of SNRs and HNRs in
the redshift range z ≤ 4 only, and considering a CR spec-
tral injection power law slope p = 2 and a CR injection
efficiency which during the Sedov-Taylor phase tapers off
as a time power law ∝ tα with α ≤ 0, we performed de-
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tailed calculations of the resulting diffuse neutrino flux
and the diffuse gamma-ray flux contributed by SNRs of
both the above types. It remains difficult to account for
the neutrino data point at 30 TeV as well as for the rest
of the higher energy points with any single power law
injection spectrum, as pointed out by several authors
(Murase et al. 2016; Bechtol et al. 2015; Kistler 2015).
However, if we do not include the 30 TeV data point,
e.g. by implicitly assuming that it is an extra component,
perhaps due to hidden sources (Murase et al. 2016), we
find that the neutrino flux contributed by SNe and HNe
in SFGs at z ≤ 4 can explain about 50% of the remain-
ing IceCube observations, without violating the fraction
of 14% of the diffuse gamma-ray flux which, according
to the Fermi-LAT collaboration, cannot be attributed
to unresolved AGNs of known types (Ackermann et al.
2012; Fermi Collaboration 2016).
In view of the observations showing that core-collapse
GRBs are associated with SN/HN type Ib/c (e.g.
Gehrels et al. 2009), it is pertinent to inquire what may
be the potential contribution of such GRBs to the diffuse
neutrino and gamma-ray backgrounds discussed here.
Although so far there only about seven such associations
verified through their spectrum, and a few tens verified
through light curves (e.g. Cano et al. 2016), which is a
small fraction of all GRBs (≪ 10%), the association is
believed to apply to all long GRBs. Note that the SNe
associated with GRBs are mostly hypernovae, and all are
of type Ib/c, while here in our work the SNe and HNe
considered are of all the core collapse types II+Ib/c. At
low redshifts, HNe are a fraction 5%−10% of all core col-
lapse SNe, and only a fraction of order 5%−10% appears
associated with GRBs (Modjaz et al. 2015; Arcavi et al.
2010; Soderberg et al. 2010). Since the average GRB
jet beaming correction is roughly 1/100 (Guetta et al.
2005), the fraction of detected GRBs which could be po-
sitionally associated with the neutrinos or gamma-rays
discussed here is . (1/10)(1/10)(1/100) ∼ 10−4, which
is negligible in our scenario.
Since at best only a fraction of the IceCube neutri-
nos can be explained by SNe and HNe in the redshift
range z ≤ 4, the other new aspect considered here is the
possible contribution of Pop-III HNe at 4 ≤ z ≤ 10.
Murase et al. (2016) discussed a possible contribution
of very-high-redshift injections. Chang et al. (2016) re-
cently argued that the IceCube generic neutrino sources
may reside at high redshifts, but their focus is not on
Pop-III remnants. In our case we specifically considered
Pop-III HNRs as main sources for both the low and high
redshift neutrinos and gamma-rays, and we have used a
specific model of the EBL evolution in the Pop-III red-
shift range (Inoue et al. 2013). The Pop-III SNRs are
expected to be more energetic than their lower redshift
counterparts, and could contribute significantly to the
total CR output. The neutrinos will reach the observer
unimpeded, but the gamma-rays produced at high red-
shifts need to travel longer and have a greater chance to
be attenuated by interacting with the EBL.
We find that, aside from the 30 TeV data point, a neu-
trino flux compatible with IceCube could be obtained
by considering a substantial contribution from a Pop-
III component, which does not violate the residual dif-
fuse gamma-ray background constraint. Figure 7 is an
example of such a fit, where the fiducial parameters
EPOP−III = 10
52.5 erg and η = 0.1 are used for Pop-III
HNRs, which here contribute ∼ 10% of the total neu-
trino flux. A larger neutrino contribution which still
respects the Fermi bounds, as shown in Fig.5, would
require EPOP−III ∼ a few × 10
53 erg for the Pop-III
rate model of Inoue et al. (2013), or larger for more
pessimistic rate models such those of Trenti & Stiavelli
(2009); Wise et al. (2012). Thus we conclude that it
will be difficult for Pop-III HNRs to dominantly con-
tribute to the observed high-energy backgrounds unless
the explosion energy is EPop−III & 10
53 erg. On the
other hand, the explosion energy for supermassive stars
at very-high-redshifts could be larger than ∼ 1055 erg
(Matsumoto et al. 2015). Note that the relative ratio of
the neutrino fluxes contributed by the high and low red-
shift components are largely uncertain. If the fraction of
Pop-III HNRs were even higher than assumed here, there
would be even less arriving high-energy gamma-rays, fur-
ther weakening the tension with Fermi-LAT.
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